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Abstract: Magnetic susceptibility measurements remain one of the most reliable methods used to investigate 
the pollution of both surface and subsurface soil from metallic anthropogenic sources. Most of the geological 
rocks within the study area increase the susceptibility of the soil; however, knowing the natural background 
susceptibility of the parent rocks will give an idea of the anthropogenic influence on the susceptibility of the 
soil. This study was carried out in Kogi State, North Central Nigeria, with the aim of determining the depth of 
the boundary between the anthropogenic influences on soil magnetic susceptibility from those of a lithogenic 
origin. Magnetic susceptibility measurements were carried out on 1,760 soil samples, collected from 220 soil 
profiles at a depth of 80.0 cm and at intervals of 10.0 cm. From the spatial distribution of magnetic susceptibility 
maps at different depths, the boundary between the basement complex and the sedimentary basin was clearly 
demarcated. The result further shows the highest magnetic susceptibility values of 350–650 × 10−5 SI, which 
dominates the surface soil to a depth of 40.0 cm. At the depth of 40–50 cm, the result indicates the combination 
of a natural anthropogenic influence on soil magnetic susceptibility with an average of 250 × 10−5 SI. Further-
more, no evidence of layering along the depth sections was observed, suggesting that the soil profiles indicate 
areas mainly covered by anthropogenically influenced susceptibility, which were localized and restricted to 
commercial places within the state. This study reveals that the average depth of soil affected by anthropogen-
ic pollutants is between 40–50 cm in commercial places and 20–30 cm in other places with less commercial 
activities. 
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INTRODUCTION
The presence of ferrimagnetic minerals in soil 
samples has an influence on magnetic susceptibil-
ity, and this is a valuable and fast method of mon-
itoring soil pollution in different areas (D’Emil-
io et al. 2007, Jordanova et al. 2008, Zawadzki et 
al. 2012, Jatto et al. 2016). Studies by Georgeaud 
et al. (1997), suggest that magnetic minerals 
present in soil might have come about as a result 
of the weathering of the parent rocks (lithogen-
ic source), anthropogenic activities or through 
pedogenic processes. Generally, the magnetic 
susceptibility of the parent rocks within a given 
study area is found to be less significant in com-
parison with anthropogenic input on soil. Sever-
al studies have indicated that the enhancement 
of magnetic susceptibility around industrial, 
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transportation and commercial areas may be due 
to the deposition of anthropogenic pollutants. 
This is because of the existing relationship be-
tween magnetic susceptibility and the concentra-
tion of heavy metals in the soil (Georgeaud et al. 
1997, Petrovský & Elwood 1999, Knab et al. 2001, 
Chaparro et al. 2006, Kim et al. 2007). Magnetic 
susceptibility has been used in different places to 
estimate the depth between anthropogenic and 
lithogenic influenced soil magnetic susceptibility 
(Dearing et al. 1996, Kapička et al. 2001, Boyko 
et al. 2004, Magiera et al. 2006, Lu & Bai 2008, 
Sarris et al. 2009, Zananiri et al. 2010, Jatto et 
al. 2016). The simplicity of applying the magnet-
ic susceptibility method, combined with its rap-
id results, makes it easier to estimate the thick-
ness of soil affected and enriched by technogenic 
magnetic particles in a given area. Despite these 
benefits, only a few studies have been performed 
in Nigeria in recent decades (Kanu et al. 2013, 
Jatto et al. 2016).
The aim of this study is to determine the thick-
ness of the anthropogenic pollutants deposited 
within the soil and to estimate the boundary be-
tween the anthropogenic influenced susceptibility 
with lithogenic influenced susceptibility of soil in 
Kogi State, North-Central Nigeria.
THE STUDY AREA
Kogi State is located in North-Central Nigeria 
and between a latitude of 7°30'N and 7°50'N and 
longitude 6°42'E and 6°70'E. It covers an area of 
29,833 km2. It is popularly known as the Conflu-
ence State because it serves as the confluence of 
Niger River and Benue River at the state capital 
of Lokoja, which was the first administrative capi-
tal of modern Nigeria. Kogi state consists of twen-
ty-one (21) Local Government Areas (Fig. 1) and it 
is the only state which shares a boundary with ten 
other states, thus serving as a link route to many 
other parts of the country.
Fig. 1. Map of Kogi State showing the Local Government Area (LGA) and the state boundaries (insert: Nigeria Map showing the 
location of Kogi State) (after Fatoye & Gideon 2014)
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GENERAL GEOLOGY OF  
KOGI STATE 
The geological setting of Kogi State is unique in 
view of the occurrence of the two major com-
ponents of the geology of Nigeria: the Basement 
Complex and Sedimentary Basin (Fig. 2). Approx-
imately half of the state is covered by the crystal-
line Basement Complex (undifferentiated meta-
sediment and older granite), while the other half 
is covered by Cretaceous to recent sediments. The 
Basement Complex predominantly underlies the 
western flank of the state. They are made up of un-
differentiated meta-sediment and the Pan-African 
Older Granites (KSMSMD 2004). The eastern 
flank lies partially within the sedimentary basin 
(Anambra basin), which includes major rock types 
such as sandstones, coal, limestone, shale, clay, 
mudstone and alluvium, with the sandstone being 
mainly of faslebedded sandstones. It chiefly com-
prises the different formations of Nkporo, Mamu, 
Ajali and Nsukka (Fatoye & Gideon 2014). These 
formations are inter-bedded with sandstones, silt-
stones, carboniferous-shale, coal, sandstones of 
fluvial marine nature with distinct across beddings 
and laterite. The average magnetic susceptibility of 
rocks and sediments within the study area varies 
between 80–250 × 10−5 SI (Obiora et al. 2016).
Fig. 2. Geological Map of Kogi State by the Local Government Area (after NGSA 2009)
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SAMPLE COLLECTION  
AND METHODOLOGY
The sampling strategy used in this study in-
cludes a  combination of design features that 
have shown to work successfully in other stud-
ies (Sutherland & Tolosa 2000, Banerjee 2003, 
Charlesworth et al. 2003, Gautam et al. 2005, 
Yin et al. 2005, Anagnostopoulou & Day 2006, 
Booth et al. 2006, Haugland et al. 2007, Yang 
et  al. 2010, Aidona et al. 2013). Samples were 
collected randomly from 220 locations (Fig. 3) 
(bearing in mind reasonable spacing). At each 
sampling point, an 80.0 cm hole was drilled us-
ing a  5.0 cm diameter stainless pipe. The sam-
ples were collected from the hole using a  local-
ly fabricated 4.0 cm diameter pipe with rotatable 
collectors at intervals of 10.0 cm. The collect-
ed samples were homogenized and considered 
as one sample representative for the depth 
(e.g. 0–10 cm). In total, 1,760 samples were col-
lected, dried, sieved to remove impurities, packed 
and labeled. The weight and magnetic suscepti-
bility measurements were performed using a Bar-
tington MS2B sensor in a uniform, low frequency 
magnetic field. 
Fig. 3. Location of measurements carried out in Kogi State (points reduced for clarity)
RESULTS AND DISCUSSION
The spatial distribution map of magnetic sus-
ceptibility at different depths (e.g. 10 cm means 
samples from 0–10 cm interval) is shown in Fig-
ure 4. The magnetic susceptibility varies between 
80–650 × 10−5 SI. This wide variation in the soil 
susceptibility is mostly due to the processes that 
affect the soil’s formation. These factors may in-
clude climate, parent materials, topography, and 
erosion, anthropogenic influences e.t.c. (Hanesch 
& Scholger 2005). 
Fig. 4. Magnetic susceptibility spatial distribution map of Kogi State at depth of: A) 10 cm; B) 20 cm; C) 30 cm; D) 40 cm; E) 50 cm; F) 60 cm; G) 70 cm; H) 80 cm 
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The enhancement of magnetic susceptibility 
in the soils was mostly observed from the surface 
soil to a depth of about 40.0 cm, with values rang-
ing between 300–650 × 10−5 SI. From the spatial 
distribution maps, the enhancement of magnet-
ic susceptibility is mostly concentrated in plac-
es like Okene, Lokoja, Ankpa and Omala, which 
are known to have high commercial activities. At 
the depth of 10 cm (Fig. 4A) the most enhanced 
values of about 400–600 × 10−5 SI are observed in 
two segments of the study area, with the Ijumu 
local government area having the highest values 
of 600–700 × 10−5 SI. The two segments are sep-
arated by a  region of low susceptibility, namely 
of about 100–350 × 10−5 SI. The low susceptibility 
area coincides with the boundary of the basement 
complex rocks and the sedimentary basin of the 
study area (Obaje et al. 2011). Thus, a lower depth 
of magnetic susceptibility can be used to demar-
cate lithological units. In Figure 4B, the spatial 
map indicates a  similar trend as at Figure 4A in 
its western part, but it is observed that the eastern 
part of the study area, which happens to fall with-
in the sedimentary basin, has a low susceptibility 
compared to other part of the state. At the depth 
of 50.0 cm (Fig. 4E), a highly enhanced magnet-
ic susceptibility anomaly, with a  value of about 
650 × 10−5 SI, was observed at the boundary be-
tween Mopa and Kabba-Bunu local government 
areas. This maximum value is largely due to con-
tamination from a buried metallic pipe observed 
during excavation within that portion, and no 
such levels were observed elsewhere. There is 
a  general reduction of magnetic susceptibility 
with depth (Fig. 4E–H) with susceptibility reduc-
ing to about 50–200 × 10−5 SI. This is evidence that 
enhancement of the top soil to a  depth of about 
40.0 cm may have arisen due to the deposition of 
anthropogenic dust magnetic minerals. 
Determination of the anthropogenic 
boundary through profiling
The data used for the profiling was obtained from 
the digitization of the spatial distribution map of 
magnetic susceptibility at different depths (Fig. 4). 
The digitization method is based on interpolation 
using Surfer 13. This method involves drawing 
3 straight profile lines (A, B and C) of about 250 km 
long, running in a NW-SE direction and separated 
at intervals of 50 km on each of the magnetic sus-
ceptibility distribution spatial maps (Fig. 5). Each 
of the profile is then digitized at intervals of 2 km 
and the digitized data is used to plot the 2D plots 
or depths against distance (Fig. 6). 
Fig. 5. Map of Kogi State showing the position of the profile lines insert legend
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Fig. 6. 2D diagram showing the distribution of magnetic susceptibility from the surface to a depth of 80.0 cm along: A) profile A; 
B) profile B; C) profile C
From the 2D profile plots (Fig. 6), it is clear-
ly observed that there is no evidence of uniform 
layering in the profiles. This indicates that the en-
hancements are actually localized, and restricted 
to commercial areas as a result of anthropogenic 
activities (Petrovský et al. 2010). The anomalous 
magnetic susceptibility observed in Figure 4E, is 
clearly visible along profile A at a depth of 50.0 cm 
(Fig. 6A). Beside this distinct feature at a depth of 
50 cm in profile A, magnetic susceptibility shows 
slight decreases with depth. The boundary between 
anthropogenic and lithogenic influence can be 
said to fall within 40–50 cm in places, showing en-
hanced susceptibility in the top soil, and 20–30 cm 
in places with low susceptibility in the top soil.
CONCLUSION
The study area encompassed both the basement 
complex and sedimentary basin in nearly equal 
proportions. The spatial distribution of the mag-
netic susceptibility map successfully shows the 
boundary between the basement complex rocks 
and the sedimentary basin within the study area 
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C
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and also reveals that the enhancement of magnetic 
susceptibility reduces with depth. This is an indica-
tion that enhancement in the top 40 cm of the soil 
is due to the continual deposition of anthropogen-
ic magnetic minerals. The non-layering of the 2D 
profiles plot is an indication that the enhancement 
observed at the maps are localized and restricted 
mostly to areas with high commercial activities 
like marketplaces, or the Obajana cement facto-
ry etc. The boundary between anthropogenic and 
lithogenic influence is between 40–50 cm in areas 
with high commercial activities and 20–30 cm in 
areas with fewer commercial activities. 
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